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We present a comprehensive comparison of electrical properties of differently fabricated high
quality Schottky contacts on ZnO thin films grown by pulsed laser deposition. Thermally
evaporated Pd/ZnO Schottky contacts exhibit ideality factors as low as 1.06 due to their high
lateral homogeneity. The effective Richardson constant determined using these homogeneous
contacts is ð7:764:8ÞA cm2 K2 close to the theoretical value of 32 A cm2 K2. However, their
rectification ratio is at most five orders of magnitude due to their comparably small barrier height
(0:7eV). The largest effective barrier height (1:11 eV) and rectification ratio (7 1010) was
obtained for reactively sputtered PdOx/ZnO Schottky contacts. Eclipse pulsed laser deposited
IrOx/ZnO Schottky contacts were found to combine very good lateral homogeneity (n  1:1), with
a reasonably large barrier height (0:96 eV) and large rectification ratio (9 orders of magnitude).
Our results for differently fabricated Schottky contacts suggest that the barrier formation is highly
dependent on the presence of oxygen vacancies close to the interface and the different
compensation mechanisms involved. VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4901637]
I. INTRODUCTION
Over the last 15 yr, ZnO has been the subject of renewed
interest as a transparent semiconducting oxide (TSO). A
significant part of this research has been focused on the use
of ZnO to develop transparent electronics.1,2 However, diffi-
culties in obtaining high quality p-type ZnO have seriously
hindered the development of bi-polar devices. Consequently,
the spotlight has switched to unipolar devices such as
Schottky diodes, UV photodetectors, and metal semiconduc-
tor field effect transistors, for which Schottky contacts (SCs)
represent the key component.
The first report on SCs on vacuum cleaved ZnO bulk
single crystals was published by Mead in 1965.3 The fabrica-
tion of high-quality, reproducibly operating SCs, remained
challenging until the last decade. In order to obtain device
quality SCs on ZnO bulk single crystals various surface
treatments were investigated. Especially, SCs fabricated on
ZnO surfaces treated with oxygen plasma,4,5 sulfide,6 or
hydrogen peroxide7–9 showed improved properties compared
to their counterparts on untreated surfaces. A major break-
through in the development of SCs on untreated ZnO surfa-
ces with remarkably low ideality factors and large effective
barrier heights was achieved by Allen et al. in 2007. They
reported reactively sputtered AgOx/SCs on ZnO bulk single
crystals with ideality factors close to unity (1.1).10 Using
such SCs with nearly homogeneous barriers, it was for the
first time possible to extract an experimental value of the
effective Richardson constant of ZnO of 10 A cm2K2 from
temperature dependent current-voltage (I-V) measurements11
which is close to the theoretical value of 32 A cm2K2. A
further improvement of the barrier homogeneity of SCs on
ZnO bulk single crystals was achieved using eclipse pulsed
laser deposition (E-PLD) of noble metal in an oxygen atmos-
phere, resulting in metal oxide SCs involving IrOx, PtOx, or
PdOx.
12 The ideality factor of such contacts approaches
the image-force controlled limit confirming their lateral
homogeneity.
In this paper, we investigate the influence of fabrication
methods, in particular, thermal evaporation, reactive sputter-
ing, and E-PLD on the properties of Schottky barrier diodes
ZnO thin films (TFs).
II. EXPERIMENTAL
For the present investigation, we used c-oriented ZnO
thin films grown by pulsed laser deposition.13,14 The thin
films contained two functional zinc oxide layers. First, an
approximately 50 nm thick, highly aluminium doped ZnO:Al
layer was deposited on a-plane sapphire substrates. This
highly conducting layer (q  103 X cm) was used as an
ohmic back-contact and ensures a low series resistance for
the resulting Schottky diode.15 Subsequently, an approxi-
mately 1 lm thick nominally undoped ZnO layer was grown.
Both layers were deposited using identical growth condi-
tions. The growth temperature was approximately 650 C
and the oxygen partial pressure was set to 0:016 mbar. The
SCs were fabricated by three different techniques: thermal
evaporation,15 reactive sputtering,16 and reactive E-PLD.12
Planar, circular SCs were defined using photolithography.
The diameters of the SCs range between 150 and 750 lm.
The thermally evaporated SCs consisted of a 40 nm thicka)Electronic mail: stefan.mueller@physik.uni-leipzig.de
0021-8979/2014/116(19)/194506/12/$30.00 VC 2014 AIP Publishing LLC116, 194506-1
JOURNAL OF APPLIED PHYSICS 116, 194506 (2014)
Pd-layer. The sputtered SCs were made up of two different
DC (direct current) sputtered layers. The first layer was PdOx
sputtered in a 1/1 vol. % Ar/O2 atmosphere. Subsequently, a
second Pd layer was sputtered in a pure argon atmosphere,
which ensures an equipotential surface.16 The total thickness
was about 50 nm. The E-PLD grown SCs were ablated from
a metallic Ir target at room temperature (T ¼ 293 K) and an
oxygen partial pressure of 0:13 mbar (101 Torr). A more
precise description of the conditions used is given else-
where.12 The thickness of the IrOx layer was approximately
50 nm. A sputtered Au capping layer with an approximate
thickness of 50 nm was used to improve the lateral conduc-
tivity of the IrOx SCs. The net-doping density of the thin
films used for this investigation was 4 6 1016 cm3.
All SCs were investigated by I-V measurements at room
temperature. For selected SCs, we additionally performed
I-V measurements in a temperature range between 20 K and
320 K or 293 K and 393 K, respectively. We also performed
capacitance-voltage (C-V) measurements at room tempera-
ture for selected SCs using an Agilent 4292A precision im-
pedance analyzer. The I-V characteristics were recorded
using an Agilent 4155C semiconductor parameter analyzer.
The room temperature and temperature dependent measure-
ments up to 393 K were performed in a semiautomatic S€uss
Waferprober system P 200. The low temperature I-V meas-
urements were recorded in a CTI-CRYOGENICS Model 22
cryostat.
III. THEORY OF I-V CHARACTERISTICS
The current transport through ZnO SCs on our thin films
can be described by thermionic emission.17 Considering the
series and parallel resistances Rs and Rp of SCs, we used
I ¼ Is exp
e VA  IRsð Þ
nkBT
 
 1 exp e VA  IRsð Þ
kBT
  
þ VA  IRs
Rp
; (1)
for the determination of the effective barrier height UB;eff
and the ideality factor n. In Eq. (1), e is the elementary
charge, VA is the applied voltage, T is the absolute tempera-
ture, and kB Boltzmann’s constant. This model incorporates
the voltage dependence of the barrier through the ideality
factor n. The saturation current Is is given by





where A is the Richardson constant A ¼ 4p e kB2 mh3 , with a
theoretical value of 32 A cm2 K2 (using me ¼ 0:27 me;0),
A0 is the contact area, and UB;eff is the effective barrier
height of the Schottky diode. Lateral fluctuations of the bar-
rier potential, especially visible at low measuring tempera-
tures have to be considered for the explanation of
experimental I-V characteristics.18,19 Here, we used a model
assuming a Gaussian distribution of the barrier heights as
proposed by Sachs20 and later worked out by Werner and
G€uttler21












The assumption of a Gaussian barrier height distribution was
experimentally verified for Au/Co/GaAs67P33 Schottky-
contacts by ballistic electron emission microscopy measure-
ments (lateral resolution of 1 nm) of Schottky contacts.22,23
The distribution is characterized by a voltage-dependent
standard deviation r2ðVAÞ ¼ r2ðVA ¼ 0Þ þ q3VA and mean
barrier height UB;mðVAÞ ¼ UB;mðVA ¼ 0Þ þ q2VA. Assuming
that both parameters have a linear voltage dependence, the
ideality factor is given by
n ¼ 1
1 q2 þ eq3=2kBTð Þ
: (4)
The parameters q2 and q3 are assumed to be temperature in-
dependent. The barrier height is given by




Equation (5) is commonly used in literature to determine the
mean barrier height. For that a plot of the effective barrier
vs. inverse temperature is extrapolated to T1 ! 0 to obtain
the mean barrier height.24,25 However, this approach may
cause an overestimation of the mean barrier height for the
following reason. SCs that show nearly ideal behavior at
room temperature and above, often show non-ideal behavior
at low temperatures, as shown in Ref. 11 Fig. 5 (inset). This
figure shows that the ideality factor decreases and the barrier
height increases strongly from 50 K up to 300 K before both
parameters saturate and remain constant for higher tempera-
tures. In this high temperature regime, the effective barrier
height coincides with the mean barrier height. In other
words, for each laterally inhomogeneous Schottky barrier
diode, there exists a temperature Tnif above which UB;eff
equals UB;m and n(T) equals the image force controlled ideal-
ity factor nif (1:02 for our samples). Therefore, we extrapo-
lated our UB;eff vs. T1 data to the temperature for which n
equals nif . This temperature can be deduced from the n vs.
T1 data. For the diode, depicted in Fig. 6, the commonly
used fitting procedure results in a mean barrier height of
1:83 eV, which is an overestimation of more than 30% com-
pared to the value UB;m ¼ 1:37 eV obtained from extrapolat-
ing to Tnif .
IV. RESULTS AND DISCUSSION
A. Thermally evaporated Schottky contacts
First, we discuss the properties and characteristics of the
thermally evaporated Pd/ZnO SCs. Figure 1(a) shows room
temperature I-V characteristic of one of the best evaporated
SCs. A slight increase of the current is visible in reverse bias
direction. This is explained by the voltage-dependent image
force lowering effect which reduces the apparent barrier
height. The voltage dependence of the image force lowering
effect can be seen in the inset of Fig. 1(a). The additional
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excess current in the reverse direction is explained by lateral
barrier height inhomogeneities introducing a voltage depend-
ence, which will be thoroughly discussed for the sputtered
SCs, for which their influence is more pronounced. In the
forward direction, we observe a single exponential slope for
voltages up to 0.25 V as expected for TE. For higher
voltages, the SC is operating under flat band conditions. By
fitting the exponential slope in the forward direction using
TE the effective barrier height is 0.71 eV. The effective bar-
rier height determined for our homogeneous SC agrees well
with the value reported by Grossner et. al. (0.75 eV) for
homogeneous Pd SCs (n¼ 1.03) fabricated by e-beam evap-
oration on ZnO bulk material.26 In other reports on Pd SCs,
the effective barrier height is also similar compared to our
determined value.15,27 However, the ideality factor of the SC
reported here is significantly smaller. The ideality factor here
is 1.06 close to unity, confirming the quality and homogene-
ity of PLD ZnO thin films and the thermally evaporated Pd
SCs there on. The ideality factor reported here for the
Pd/ZnO SCs is significantly smaller compared to previously
reported values for SCs on our thin films.15,16,27 It represents
the lowest reported ideality factor for SCs on a ZnO thin film
and comparable to that of SCs on ZnO bulk single crys-
tals.10–12 The small effective barrier of the evaporated SCs
result in a relatively small rectification ratio of 1:9 105 of
the SC depicted in Fig. 1(a). This rather small barrier height
makes evaporated SCs uninteresting for devices. However, it
is possible to use such SCs for the investigation of defects
using capacitance-based spectroscopic methods.
Figure 1(c) shows the frequency- (lower axis) and
voltage-dependent (upper axis) capacitance of the diode, as
shown in Fig. 1(a). The frequency-dependent measurement
shows that the cut-off frequency is above 1 MHz for our SCs
due to the small series resistance. The voltage-dependent
capacitance (C-V) was measured at 100 kHz to determine the
mean barrier height. Extrapolating C2 ! 0 (cf. Fig. 1(d))
yields a built-in voltage Vbi of 0.66 V. The barrier height was
determined using





where NC is the conduction band edge density of states
(2:94 1018 cm3 at room temperature) and ND is the net
doping density. Using Eq. (6), a barrier height of 0.79 eV
was extracted for the thermally evaporated SC. In Fig. 1, a
slight bending of C2 in dependence on the applied voltage is
visible. The changing slope is due to an inhomogeneous net
doping density caused by the in diffusion of Al from the
ohmic back contact layer and the sapphire substrate, respec-
tively. We used for our investigations comparably thick thin
films (1 lm) to ensure a nearly constant net doping density in
the surface near region. Therefore, only data points acquired
close to the metal/semiconductor interface (in this case
0:3 V < VA < 0 V) were considered for the extrapolation
of the C2 plot to zero. This reduces the potential error in the
determination of the built-in potential induced by the doping
gradient.
Figure 1(b) shows the dependence of the effective bar-
rier height on the ideality factor for all thermally evaporated
Pd SCs on one PLD ZnO film. We see that for most of the
SCs the effective barrier height increases with decreasing
ideality factor, as expected from Tung’s theory.28 However,
some of the contacts are significantly above the main trend.
For such SCs, the effective barrier height is unexpectedly
large (0.73 eV–0.83 eV) given their relatively high ideality
factor (1.2–1.3). In contrast to the other thermally evaporated
SCs, a fitting of the forward bias current with TE yields a
large deviation especially in the region just before the SCs
are under flat band conditions. This means that, for these
FIG. 1. (a) Room temperature I-V
characteristic of one of the best ther-
mally evaporated Pd/ZnO SC. The
inset clarifies the effect of image force
lowering on the reverse current.
(b) Effective barrier height dependence
on the ideality factor for all Pd/ZnO
SCs of this sample. (c) Frequency-
(lower axis) and voltage-dependent
(upper axis) capacitance of the SC
shown in (a). (d) C2 dependence on
the applied voltage determined from
the capacitance measurement in (c).
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SCs, the barrier formation mechanism is different compared
to the typical evaporated SCs. Therefore, we have not used
such SCs for further investigations. Note that the formation
of such anomalous SCs which do not exhibit the expected
linear behavior of effective barrier height vs. ideality factor
is not unusual for the evaporated SCs investigated. Some of
the anomalous contacts also exhibit a smaller current density
compared to the normal SCs on the sample. One possible
reason is that the geometrical area defined by photolithogra-
phy does not agree with the electrical active area of the SC,
e.g., due to photoresist residues or other contaminations on
the sample. An overestimation of the active electrical area
results in an overestimation of the effective barrier.
The SC depicted in Fig. 1(a) was additionally character-
ized at temperatures between 293 K and 358 K. This mea-
surement was done some time after the measurement at
room temperature, as shown in Fig. 1(a). This caused a slight
deterioration in the room temperature properties. The ther-
mally evaporated contacts were investigated up to a tempera-
ture of 358 K in order to prevent thermal degradation
(usually starting for such kind of contacts around 360 K).
Such irreversible changes in the I-V characteristics of evapo-
rated SCs were already reported for ZnO based SCs.29 The
temperature dependent I-V characteristics are shown in Fig.
2(a). We see that the current increases for all voltages as
expected for TE. In the reverse bias direction, the current is
for temperatures up to 343 K, determined by image force
lowering and barrier inhomogeneities. For the I-V character-
istic measured at 358 K in the forward direction, a single
exponential slope is visible for all investigated temperatures.
The barrier height and ideality factor dependence on inverse
temperature are shown in Figs. 2(b) and 2(c). Two different
regions are visible indicated by the dashed guideline to the
eye. For lower temperatures (293 K–313 K), we see a slight
increase of the effective barrier height from 0.69 eV to
0.73 eV and a decrease of the ideality factor from 1.13 to
1.07. For temperatures above 313 K, the effective barrier
height and ideality factor remain remarkably constant, apart
some small fluctuations. Allen et al. demonstrated for homo-
geneous AgOx/ZnO SCs on ZnO bulk single crystals that it
is possible to determine an experimental value of the
Richardson constant A (10 A cm2 K2) which is close to
the theoretical value of 32 A cm2 K2. The Richardson plot
for our SC is depicted in Fig. 2(d). The increasing effective
barrier height for temperatures below 313 K is also visible in
the Richardson plot as a region of smaller slope. For larger
temperatures, the slope increases, and a linear dependence is
visible. The linear extrapolation of this region yields an ex-
perimental Richardson constant A of ð7:764:8ÞA cm2 K2
and a mean barrier height of ð0:69 eV60:03Þ eV. The mean
barrier height shows good agreement with the expected ho-
mogeneous barrier height, visualized by the trend-line in Fig.
1(b). Recently, Somvanshi and Jit reported an experimental
value of the Richardson constant of 19:54 Acm2K2 (no
error given) for Pd SCs on ZnO thin film.30 However, this
value was derived for a diode with a rectification ratio below
103 and an ideality factor above 2 at room temperature.
Therefore, they had to use the modified Richardson plot
including the barrier height distribution to achieve a reasona-
ble value. We were able to determine a value close to the
theoretical one without this approximation, which works for
all SCs, due to the very good homogeneity of our SCs and
ZnO thin films.
B. Eclipse pulsed laser deposition grown Schottky
contacts
Figure 3(a) depicts the room temperature I-V character-
istics of one of the best IrOx/ZnO SCs. The IrOx/ZnO SCs
grown by E-PLD combine the homogeneity of Schottky bar-
rier diodes (low ideality factor) realized by thermal evapora-
tion with the very large rectification (large effective barrier
FIG. 2. (a) Temperature dependent I-V
characteristics between 298 K and
358 K of the Pd/ZnO SC shown in Fig.
1(a); (b) effective barrier height and
(c) ideality factor dependence on the
inverse temperature determined from
the measurement shown in (a); (d)
Richardson plot of the Pd/ZnO SC.
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height) of the sputtered SCs (discussed in Sec. IV C). We
observe a small hysteresis of the I-V characteristics in the
reverse bias direction. The reverse current is generally
smaller if the sweep direction is from negative to positive
bias voltages. The direction of the respective measurement is
indicated by the black arrows in Fig. 3(a). Differences
between these measurements are greatest at small reverse
voltages. The splitting of the zero current crossing for the
two sweep directions is due to the charging and discharging
current of an additional parallel capacitance caused, for
example, by surface states. A similar behavior was also
observed for a thermally evaporated Ag SC on Zn-polar
bulk31 and for a Pd SC on annealed O-polar ZnO bulk mate-
rial.8 We have already reported and discussed this behavior
for SCs on PLD grown b-Ga2O3 thin films.
32 In the forward
direction of the I-V characteristics, a single exponential slope
over nine orders of magnitude up to 0.5 V is visible. The
ideality factor determined is 1.1 close to that of the best
evaporated SCs. The effective barrier height is 0.96 eV,
much larger than that of the thermally evaporated Pd/ZnO
SC depicted in Fig. 1(a), which results in a larger rectifica-
tion ratio of 3:5 109. The effective barrier height depend-
ence on ideality factor of all 22 working IrOx SCs on the
same ZnO sample is shown in Fig. 3(b). We observe again a
linear dependence between both parameters. More than 80%
of the investigated SCs have an ideality factor below 1.2
confirming the excellent homogeneity of this type of SC.
The IrOx Schottky barrier diodes on our PLD grown thin
films have slightly higher ideality factors then those on bulk
ZnO reported in Ref. 12 and the scatter in the UeffB versus
n-plot is also larger. This is related to the inferior structural
quality of our thin film compared to hydrothermal bulk ZnO
single crystals from Tokyo Denpa. Such inhomogeneities are
due to structural defects, which are of course present in
higher densities in heteroepitaxial grown thin films com-
pared to bulk single crystals. Another reason is also the small
lateral temperature gradient over the sample during the PLD
growth process, which also results in small lateral changes of
crystalline quality and electron affinity across the sample.
Variations in thin film homogeneity are also visible in a con-
tinuous change of the series resistance of the EPLD grown
SCs, in this work (which all have the same dimensions) with
position on the sample. The homogeneous barrier height for
this sample is 0.97 eV.
The temperature dependent properties of the IrOx/ZnO
SCs were measured from 30 K to 320 K. For the low temper-
ature measurements, the samples had to be mounted on a
TO23 using a gold and an epoxy resin which needs an addi-
tional curing step at 363 K for 45 min. The temperature de-
pendent I-V measurement of the SC shown in Fig. 3(a) is
depicted in Fig. 4(a) for temperatures between 50 K and
320 K. Note that the room temperature electrical properties
of the SCs on the transistor socket are slightly deteriorated
due to mounting compared to the sample just measured using
the wafer prober. The ideality factor increased from 1.1 to
1.18 and the effective barrier decreased from 0.96 eV to 0.88
eV at room temperature. In the reverse direction, we see for
all measured temperatures a current coinciding with the
noise floor of the setup used. However, compared to the
room-temperature measurements using the wafer prober
the noise level in the cryostat is increased by 2 orders of
magnitude. In the forward direction, the current again
increases with increasing temperature as expected from TE.
For temperatures below 260 K, a kink in the I-V characteris-
tic is noticeable for small forward bias. This kink is again
caused by barrier inhomogeneities. The ideality factor and
effective barrier height dependence on inverse temperature
determined from the results in Fig. 4(a) is shown in Figs.
4(b) and 4(c). The ideality factor strongly decreases with
increasing temperature and approaches unity for high tem-
peratures. The inset Fig. 4(b) shows the ideality factor for
FIG. 3. (a) Room temperature I-V characteristic of one of the best IrOx/ZnO
SC fabricated by reactive eclipse pulsed laser deposition. The black arrow
indicates the measurement direction. (b) Effective barrier height in depend-
ence on the ideality factor of all IrOx/ZnO SCs on this sample. (c) voltage-
dependent (right axis) capacitance and the following C2 dependence (left
axis) of the SC shown in (a).
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temperatures above 170 K. At high temperatures, we see a
decrease of the slope of nðT1Þ. By extrapolating this slope,
we determined the temperature where the ideal image force
controlled ideality factor is reached within this region to be
Tnif ¼ 383 K, which as expected is lower than that for the
reactively sputtered PdOx/ZnO diode (cf. Sec. IV C). The use
of this higher temperature region also has the advantage that
the current transport is well described by TE and other possi-
ble transport mechanisms such as tunneling or trap-assisted
tunneling can be safely ignored.17 The barrier height also
shows a strong dependence on the temperature. At low tem-
peratures, we observe an increase of the effective barrier
with increasing temperature. With increasing temperature
the slope increases until the slope is linearly dependent on
the inverse temperature for temperatures above 200 K. We
used this region for the determination of the mean barrier
height and standard deviation, which is for this SC
ð0:9860:06Þ eV and ð15167ÞmeV, respectively. Note that
this mean barrier height is in very good agreement with the
homogeneous barrier height of this sample. However, the
mean barrier height determined by C-V measurements (cf.
Fig. 3(c)) is with 0.87 eV smaller for the same SC.
C. Reactively sputtered Schottky contacts
We now consider the last fabrication technique for high
quality Schottky contacts on ZnO which involves sputtered
PdOx/ZnO SCs. The room temperature I-V characteristic of
one of the best sputtered PdOx/ZnO SC is shown in Fig. 5(a).
The reverse current is below the detection limit of the param-
eter analyser (1013 A). For small forward voltages
(V < 0:9 V), an exponential increase is visible. At higher
voltages, the diode is under flat band conditions. At small
forward current, a second exponential slope is visible, which
is caused by barrier height inhomogeneities. This effect for
SCs fabricated on our thin films may be caused by Al2O3
particles in the ohmic back contact.33 However, for this
investigation, we used thin films with a quite thin ohmic
back contact layer, therefore, it is more likely that this barrier
height inhomogeneities are caused by lateral inhomogene-
ities of the sputtered PdOx contact, e.g., varying oxidation
state. The effective barrier height of the SC depicted in Fig.
5(a) is 1.11 eV, which is comparable to the best SCs on ZnO
bulk single crystals10–12 and the largest of the different tech-
niques investigated. The ideality factor of the sputtered SCs
is 1:3, which is the largest of the SCs investigated here.
Tung explained an increasing ideality factor by a large num-
ber of nanoscale low barrier patches.28 The sputtered SCs
are fabricated in an Ar/O2 atmosphere which causes oxida-
tion of the Pd. The sputtering in this environment produces
damaging ionized oxygen ions that are accelerated to the
substrate and can cause barrier height inhomogeneities. This
will be explained later in more detail. The ideality factor of
the SC shown in Fig. 5(a) is 1.32, which was typical of the
sputtered SCs on our thin films. The rectification ratio of the
sputtered SCs due to the large effective barrier height was
the largest of the investigated SCs. In the case of the SC
depicted in Fig. 5(a), the rectification ratio is about 7 1010
and still limited by the noise floor of the parameter analyser
used. This very large rectification ratio is similar to the best
SC fabricated on ZnO bulk single crystals.11,12 Figure 5(b)
depicts a histogram of the rectification ratio of all 17 work-
ing SCs on this sample. The rectification ratio ranges from 5
to 11 orders of magnitude with an average of 8.1 orders of
magnitude. The effective barrier height and ideality factor of
all working SCs on this sample (17 contacts) are shown in
Fig. 5(c). We highlight two regions with a linear dependence
of the effective barrier height on the ideality factor, with dif-
ferent slopes. The point of intersection is approximately
located at an ideality factor of 1.5 with a steeper slope for
SCs with ideality factors less than this value. The linear de-
pendence of the effective barrier height on the ideality factor
FIG. 4. (a) Temperature-dependent I-V characteristics between 50 K and
320 K of a IrOx/ZnO SC fabricated by reactive eclipse pulsed laser deposi-
tion. (b) Ideality factor and (c) effective barrier height vs. inverse tempera-
ture of the SC shown in (a).
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for SCs fabricated on the same sample is explained by
Tung’s theory of inhomogeneous SCs.28 For small ideality
factors (small density of nanoscale barrier inhomogeneities),
the effective barrier height is proportional to the ideality fac-
tor, whereas for higher ideality factors (high density of nano-
scale barrier inhomogeneities), it flattens to be a fixed value
independent of the ideality factor.34 Fitting the linear de-
pendence of the effective barrier height for small ideality
factors yields a homogeneous barrier height UnifB of 1:26 eV,
which is in good agreement with a previous report for this
type of SCs on PLD grown thin films.33 The mean barrier
height of 1.25 eV deduced from C-V measurement (cf. Fig.
5(d)) is in very good agreement with the homogeneous bar-
rier height.
Figure 6(a) depicts the temperature dependent I-V char-
acteristics of the sputtered SCs shown in Fig. 5(a). A high
temperature induced irreversible degradation appears for the
sputtered SCs for higher temperatures compared to the ther-
mal evaporated SCs. Therefore, the temperature dependent
I-V characteristics are recorded under ambient air conditions
for temperatures ranging from 293 K to 393 K. The forward
and reverse current increases with increasing temperature as
expected for TE. In reverse direction, the increase in current
can only be seen for temperatures above 333 K, for which
the current is above the noise floor of the parameter analyser.
Interestingly, the reverse current at 393 K is no longer deter-
mined by TE but instead an ohmic shunt resistance. With
increasing temperature the second slope in the I-V character-
istics visible for small VA becomes less prominent; for
T  393 K only a single slope is visible. The dependence of
the ideality factor and effective barrier height on the inverse
temperature is shown in Figs. 6(b) and 6(c), respectively,
with a linear dependence on T1 for temperatures up to
373 K. The ideality factor decreases from 1.32 (293 K) to
1.17 (373 K), and the effective barrier height increases from
1.11 eV (293 K) to 1.25 eV (373 K). The ideality factor
increases and effective barrier height decreases for tempera-
tures above 373 K, which is caused by a reversible thermal
degradation of this type of SCs on ZnO. By fitting the linear
dependence of the ideality factor on inverse temperature we
determined the temperature Tnif , for which the lowest theo-
retical ideality factor nif is reached to be 471 K. Using this
temperature, we determined the mean barrier height from
Fig. 6(c) to be 1.37 eV with a standard deviation of
193 meV.
V. DISCUSSION OF THE RESULTS
The barrier heights of the differently fabricated SCs dis-
cussed in Sec. IV are summarized in Table I. For the ther-
mally evaporated SCs, the barrier heights determined by I-V
and C-V-measurements show good agreement. Compared to
barrier heights of evaporated SCs reported so far, which are
summarized in the first part of Table II, it is obvious that in
several of the reports the SCs exhibit barrier heights similar
to the results presented here, in the range between 0.6 eV
and 0.7 eV independent of the metal used. The work function
of the metals used for the different SCs is given in Table II
(adapted from Refs. 35 and 36). It is well known from litera-
ture that structural, surface-near defects (e.g., oxygen va-
cancy (VO)) close to the ZnO surface play an important role
for the formation of ZnO SCs.37,38 At the metal-ZnO inter-
face, VO is doubly ionized; the energy level of this V
2þ
O tran-
sition is approximately 0.6 eV–0.7 eV below the conduction
band minimum.39–41 Therefore, Allen et al. attributed the
comparably small barrier heights for evaporated SCs to an
increased VO density at the metal-semiconductor interface
which leads to strong pinning of the surface Fermi level,
resulting in barrier heights close to the V2þO energy level
at 0.6 to 0.7 eV.37 Such behavior is also a reasonable expla-
nation for our thermally evaporated SCs and generally
agrees very well with previous results on evaporated
SCs.4,26,31,42–47 Defects being potential candidates in the
expected energy range were also reported as bulk defect.
Such defects were generated by mechanical polishing,29,43
proton irradiation,48 or annealing.49 SCs with barrier heights
FIG. 5. (a) Room temperature I-V
characteristic of one of the best PdOx/
ZnO SC. (b) Histogram of the rectifica-
tion ratio ðIðV ¼ 2 VÞ=IðV ¼ 2 VÞÞ
of all SCs on this sample. (c) Effective
barrier height in dependence on the
ideality factor for all PdOx/ZnO SCs of
this sample. (d) voltage-dependent
(right axis) capacitance and the follow-
ing C2 dependence (left axis) of the
SC shown in (a).
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which are larger than 0.7 eV were in most cases only
achieved using surface oxidization treatments like oxygen
plasma treatment or hydrogen peroxide.8,46 A large density
of surface defects 0.7 eV below the conduction band, as in
our results, suggests that in the case of the thermally evapo-
rated SCs, complete Fermi level pinning occurs. As a result,
an upward band bending at the surface occurs independent
of the metal used, which explains the small barrier heights of
the evaporated SCs (cf. Fig. 7(a)).
The barrier heights of the E-PLD grown IrOx SCs from
I-V and C-V-measurements summarized in Table I show also
a good agreement. The determined barrier heights are larger
compared to the thermally evaporated Pd/ZnO SCs, although
the work function and metal Miedema electronegativity of Ir
are similar to that of Pd (cf. Table II and Ref. 50). Therefore,
the increase of the mean barrier height of nearly 0.3 eV of
the E-PLD grown SCs compared to the thermal evaporated
SCs can not only be explained by changes in the work func-
tion and Miedema electronegativity. The results published so
far for E-PLD grown SCs are summarized in the middle sec-
tion of Table II. For these SCs no additional process, apart
from the use of organic solvents (OS), was necessary.
Reactively E-PLD grown SCs perform very well on both po-
lar surfaces of ZnO bulk single crystals as well for SCs fabri-
cated on our thin films. Allen et al. attributed this behavior
to the partial oxidation of the SCs made of metals like Pd, Pt,
or Ir and the compensation of surface VO which interfere
with Schottky barrier formation.12 This behavior can be
understood by considering the standard reduction potential
E0 at 298.15 K and 101.325 kPa of the noble metals Pd
(0.951 V for Pd2þþ 2e Pd), Pt (1.18 V for Pt2þþ 2e
Pt), and Ir (1.156 V for Ir3þþ 3e  Ir) all of which are
larger than the standard reduction potential of Zn
(0:7618 V for Zn2þþ 2e  Zn).51 When the noble metal
oxide comes in contact with ZnO, Zn will reduce the noble
metal oxide and will itself be oxidized. This results in a com-
pensation of oxygen vacancies in the surface near region. It
also explains why it is possible to fabricate high-quality
noble metal oxide SCs on Zn- and O-terminated ZnO, while
pure (non-oxidized) noble metal SCs with large barrier
heights are only achieved on Zn-terminated ZnO bulk single
crystals.12 Comparing the mean barrier height of the E-PLD
SCs with that of the sputtered SCs and thermally evaporated
SCs shows that it is much larger than that of the thermally
evaporated SCs but still 0.3 eV smaller than that of the sput-
tered SCs. The tentative explanation of the smaller mean bar-
rier is that the additional oxygen at the interface due to the
partial contact oxidation is able to compensate most of the
oxygen vacancies in the ZnO and lift the Fermi-level pinning
seen for the evaporated SCs. However, there is still a
small upward band bending at the interface like that shown
in Fig. 7(b).
The determined barrier heights for the reactively sput-
tered SCs in Table I show a good agreement as well. In com-
parison to the thermally evaporated and reactively E-PLD
grown SCs, the barrier heights for these SCs are much larger.
The literature results of reactively sputtered SCs summarized
in the bottom section of Table II show that for this type of
SCs no additional surface treatment, apart from cleaning
TABLE I. Determined barrier heights of SCs fabricate by thermal evapora-
tion, reactive sputtering, and E-PLD. The barrier heights were determined
by three different methods: dependence of the barrier height on the ideality
factor of several SCs on one sample (UnifB ), temperature dependent I-V mea-
surement (UmB;IVT), and C-V measurements (U
m
B;CVðat 100 kHzÞ) of a single










Number of working contacts 15 17 22
UnifB 0:72 eV 1.26 eV 0.97 eV
UmB;IVT 0.69 eV 1.37 eV 0.98 eV
UB;CVðat 100 kHzÞ 0.79 eV 1.25 eV 0.87 eV
FIG. 6. (a) Temperature-dependent I-V characteristics between 293 K and
393 K of the sputtered PdOx/ZnO SC shown in Fig. 5 (a). (b) Ideality factor
and (c) effective barrier height in dependence on the inverse temperature
determined from the measurement shown in (a).
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TABLE II. Properties of notable SCs on ZnO. The work function of the metals used for the evaporated SCs is given.35,36 The effective barrier height UeffB and
ideality factor n is given at room temperature determined by I-V measurements. The barrier height determined by C-V measurements UCVB is also summarized
in column five if given in the corresponding report. In most of the reports, the rectification ratio was not given exactly. Therefore, we approximated them using
the depicted I-V characteristics. If in a report several characteristics and corresponding effective barrier height and ideality factor are given only the values for
the characteristic with the lowest ideality factor is given. The following abbreviations are used in the table: Thin film (TF), electron-beam evaporation
(EBEV), thermal evaporation (TEV), vacuum evaporation (VEV), reactive sputtering (RS), direct current (DC), radio frequency (RF), (reactive) eclipse pulsed
laser deposition ((R)E-PLD), metal organic chemical vapor deposition (MOCVD), plasma assisted molecular beam epitaxy (MBE), remote O2/He Plasma
cleaned (ROP), organic solvents (OS), phosphoric/hydrochloric acid (P/H acid), and boiling (boil.).
Material Metal (WmðeVÞ) Fabrication method Surface treatment UeffB;IV /UmB;CV (eV) n Rectification ratio (62 V) References
TF (MOCVD) Ag (4:26 4:7) EBEV O2 plasma 0:84= 1.5 105 (at 61 V) 59
TF (MOCVD) Ag EBEV Not reported 0.89/0.92 1.33 106 (at 61 V) 60
Bulk (Zn-polar) Ag VEV OS 0:66= 1.6 103 (at 61 V) 43
Bulk (Zn-polar) Ag EBEV OS 1:02=1:0 1.2 109 31
Bulk (O-polar) Ag EBEV OS 0:88=0:98 1.1 107 31
Bulk Ag TEV OS 0:82= 1.55 103 (at 61 V) 61
Bulk Au (5.1) TEV P/H acid 0.66/0.67 1.05 Not shown 42
Bulk (O-polar) Au TEV OS = 1.19 106 (at 61 V) 62
Bulk (O-polar) Au EBEV high/room T ROP 0:6= 1.03 107 4
Bulk (Zn-polar) Au VEV OS 0:67= 1.6 103 43
Bulk (O-polar) Au EBEV OS 0.69/0.7 1.1 105 31
Bulk (Zn-polar) Au EBEV OS 0.71/0.7 1.4 104 31
Bulk (O-polar) Au TEV OS/H2O2 (100
C) 0:63= 1.15 107 47
Bulk (O-polar) Au TEV/EBEV OS/ROP 0.77/1.07 1.3 105 46
Bulk (Zn-polar) Au TEV/EBEV OS/ROP 0.81/1.2 1.2 106 46
TF (MBE) Au EBEV OS/H2O2 (100
C) 1:19= 1.15 108 63
Bulk (O-polar) Ir (5.27) TEV/EBEV ROP 0:64= 1.36 108 44
Bulk Pd TEV P/H acid 0.6/0.61 1.05 Not shown 42
Bulk (O-polar) Pd (5.12) EBEV OS 0:75= 1.03 105 26
TF (PLD) Pd TEV OS 0.81/1.14 1.49 106 15
Bulk (Zn-polar) Pd EBEV OS 0:55= 2.0 102 31
Bulk (O-polar) Pd EBEV OS 0.59/0.59 1.2 104 31
Bulk (O-polar) Pd EBEV OS/H2O2 1 1:2 1.8 109 8
Bulk (Zn-polar) Pd TEV/EBEV OS/ROP 0.53/0.73 1.3 103 46
Bulk (O-polar) Pd TEV/EBEV OS/ROP 0.61/0.68 1.2 104 46
Bulk (O-polar) Pd EBEV OS/H2O2 =0:6 1:4 2:1 107 9
TF (PLD) Pd TEV OS 0.71/0.79 1.06 1:9 105 This work
Bulk (O-polar) Pt (5:3 5:65) EBEV Boil. (NH4)2Sx 0:79= 1.51 105 7
Bulk (Zn-polar) Pt EBEV Boil. H2O2 0.89/0.93 1.15 105 (at 61 V) 6
Bulk (O-polar) Pt EBEV OS 0.68/0.72 1.2 105 31
Bulk (Zn-polar) Pt EBEV OS 0:55= 2.0 102 31
Bulk (O-polar) Pt EBEV OS/laser treated 0.73/0.85 1.77 105 45
Bulk (Zn-polar) Ag E-PLD OS 0:73= 1.01 Not shown 50
Bulk (Zn-polar) Au E-PLD OS 0:57= <1.2 not shown 50
Bulk (Zn-polar) Au E-PLD OS 0:82= <1.02 Not shown 50
Bulk (Zn-polar) Ir E-PLD OS 1:0= <1.01 Not shown 50
Bulk (O-polar) Ir RE-PLD OS 0:88= <1.01 107 12
Bulk (Zn-polar) Ir RE-PLD OS 1:14= 1.01 109 12
TF (PLD) Ir REPLD OS 0.96/0.87 1.1 3:5 109 This work
Bulk (O-polar) Pd RE-PLD OS 0:89= 1.02 Not shown 12
Bulk (Zn-polar) Pd RE-PLD OS 1:1= <1.01 Not shown 12
Bulk (Zn-polar) Pd E-PLD OS 0:96= <1.03 Not shown 50
Bulk (O-polar) Pt RE-PLD OS 0:98= <1.01 Not shown 12
Bulk (Zn-polar) Pt EP-LD OS 1:08= <1.03 Not shown 50
Bulk (Zn-polar) Pt RE-PLD OS 1:2= <1.01 Not shown 12
Bulk (Zn-polar) Ru E-PLD OS 0:91= 1.04 Not shown 50
TF (PLD) Ag RS (DC) OS 0.66/1.35 1.57 104 16
TF (PLD) Au RS (DC) OS 0.69/1.22 1.36 104 16
Bulk (O-polar) Ag RS (RF) OS 0.99/0.97 1.06 109 64
Bulk (Zn-polar) Ag RS (RF) OS 1.11/1.08 1.08 109 64
Bulk (O-polar) Ag RS (RF) OS 0.99/1.06 1.04 108 10
Bulk (Zn-polar) Ag RS (RF) OS 1.2/1.2 1.03 109 10
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with organic solvents, is necessary to achieve high quality
SCs, independent of the sputtering technique used for contact
fabrication. As previously mentioned, the DC sputtered SCs
are fabricated by reactive sputtering in a mixed Ar/O2 atmos-
phere. Besides Ar atoms which are ionized to Arþ oxygen
atoms are also ionized. Therefore, a reverse sputtering pro-
cess of negatively charged ionized oxygen atoms impinging
on the ZnO thin film occurs, which can be thought of an
in-situ oxygen treatment of the ZnO surface at the beginning
of the sputtering process. Such a treatment is likely to com-
pensate surface near defects such as VO or remove any sur-
face electron accumulation layer (SEAL). This makes the
fabrication of Schottky contacts using reactive sputtering
also interesting for other oxides, where the Schottky barrier
formation is complicated through surface contamination or a
SEAL, for example, in In2O3
52 or SnO2.
53,54 Recently, it was
demonstrated, that even on In2O3 this reactive sputtering
approach produces rectifying Schottky barrier diodes.55
Further improvement in the Schottky barrier formation of
reactively sputtered contacts on ZnO occurs due to the partial
oxidation of the metal as discussed for the E-PLD grown
SCs. The reduction of a noble metal oxide near the surface
will also explain recent results that the first 1–2 nm at the
interface of sputtered metal oxide SCs are not oxidized as
determined by depth dependent hard X-ray photoelectron
spectroscopy.56 Therefore, we expect for the sputtered SCs a
homogeneous energy distribution of surface defects due to
compensation of oxygen vacancies by the additional oxygen
of the oxidized SCs and the oxygen ions impinging on the
thin film at the beginning of the sputtering process like
shown in Fig. 7(c). For this homogeneous distribution no
band bending will occur at the surface resulting in SCs with
a homogeneous barrier height predicted by Schottky-Mott
theory as for our sputtered PdOx SCs (assuming the work
function of Pd to be 5.12 eV (Ref. 57) and an electron affin-
ity of 3.7 eV for ZnO (Ref. 58)). Summarizing, reactive sput-
tering allows fabrication of SCs with large barrier heights
and large rectification ratios compared to evaporated SCs,
making it a reasonable fabrication technique for electronics
based on semiconducting oxides. Furthermore, reactive sput-
tering is a suitable technique for the fabrication of SCs on
other materials, for which barrier formation is adversely
affected by surface contaminants.
VI. CONCLUSIONS
In conclusion, we compared room-temperature and tem-
perature dependent properties of high quality SCs on PLD
grown thin films. The different SC fabrication methods con-
sidered were reactively sputtered PdOx, thermally evaporated
Pd, and E-PLD grown IrOx. Some of the thermally evapo-
rated Pd/ZnO SCs exhibit an excellent homogeneity
(n< 1.1). However, the effective barrier height and conse-
quently the rectification ratio is the smallest for such con-
tacts. In contrast, the best sputtered PdOx/ZnO SCs have
large effective barrier heights (1:1 eV) and excellent recti-
fication ratios of up to 1011. The ideality factor of these sput-
tered SCs is determined by sputtering inhomogeneities and
was relatively high up to 1.3. The E-PLD grown IrOx/ZnO
SCs are overall the best SCs investigated since they combine
the good barrier homogeneity (n  1:1) and large effective
barrier height (UeffB close to 1 eV). The temperature-
dependent measurements for all three kinds of SCs showed a
behavior as expected for current transport controlled by
FIG. 7. Schematic band diagram of a metal and semiconductor without contact for (a) an unpinned Fermi level, (b) pinned Fermi level, and (c) a fully pinned
Fermi level at the surface.
TABLE II. (Continued.)
Material Metal (WmðeVÞ) Fabrication method Surface treatment UeffB;IV /UmB;CV (eV) n Rectification ratio (62 V) References
Bulk (Zn-polar) Ag RS (RF) OS 1:16= 1.09 1010 12
TF (PLD) Pd RS (DC) OS 0.73/1.2 1.25 104 16
TF (PLD) Pd RS (DC) OS 1.11/1.25 1.32 7 1010 This work
TF (PLD) Pt RS (DC) OS 0.84/1.34 1.59 105 16
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thermionic emission. We showed that with the best evapo-
rated SCs, it is possible to determine an experimental value
of the Richardson constant (7:764:8 A cm2 K2) for ZnO
which is close to the theoretical value of 32 A cm2 K2. The
E-PLD and sputtered SCs showed a temperature dependent
behavior as expected for Schottky contacts having a laterally
varying barrier potential. For these contact types, we see an
agreement of the homogeneous barrier determined at room
temperature and the mean barrier height determined by tem-
perature dependent measurements. Our results suggest a bar-
rier formation which is highly determined by the
concentration of near-surface oxygen vacancies. The ther-
mally evaporated SCs are characterized by strong Fermi
level pinning 0.7 eV below the conduction band which is
attributed to oxygen vacancies explaining the comparatively
small barrier heights. For the E-PLD grown IrOx, we expect
a partial compensation of these oxygen vacancies due to the
reducing effect of the Zn atoms in the ZnO film on the noble
metal oxide layer close to the SC interface which results in
oxidation of the ZnO. The oxygen vacancies are fully com-
pensated in sputtered SCs due to a combination of this oxi-
dizing effect and additional oxidation due to oxygen ions in
the plasma impinging on the ZnO surface at the beginning of
the sputtering process in the mixed Ar/O atmosphere.
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